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RESEARCH MEMORANDUM

AN AIR-BORNE TARGET SIMULATOR FOR USE WITH SCO133-

FRESENTATION TYPE FIRE-CONTROL SYSTEMS

By John V. Foster, Elmer C. Ncher,
and Donovan R. Heinl.e

SUMMARY

The design and flight evaluation of an air-borne tsrget si.rmil.ator
using precomputed relative kinematics for use in tracking studies of
fighter aircrsft eqtipped with scope-presentation type fire-control
systems are described.

Experience showed the desirability of a target simulator which would -
be air-borne to provide normal stimuli to the pilot, provide standsrd
repeatable attacks for compsrative studies, “andeliminate problems asso-
ciated with target aircraft. Preliminsz’ydesign studies indicated that
a simulator using progm?mned precomputed relative kinematic data would
be satisfactory for portions of the tracking research.

The simulator was installed in an F%-D airplane equipped with a
Hughes E-4 fire-control system. A flight progrsm was conducted to evalu-
ate the performance of the equipment. The evaluation, based primarily on
pilot opinion, disclosed that the simulator duplicated the attack phase
of a normal E-4 system run. It appeared that the simulator might be
applied to other problems than tracking research, such as pilot training.

INTRODUCTION

Flight programs involving resesrch on target tracking with fighter-
type aircraft have been conducted by the Ames Aeronautic+ Laboratory for
some yesxs. With earlier programs the primary purpose of this type d.
resesrch was to provide information of value in the design of effective
fighter aircrsft. Recent progrsms have in addition been aimed toward @o-
viding information for the design of automatic air-borne fire-control ~~$.._. ‘“
equipment with emphasis on design for optim’wncompatibility with the a r-
craft. This cmnpatibility factor has assuned an increasingly important
role, especially
aircraft control

‘where the fire-control system ties directly to the
surface system.
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Flight studies have been made which irrvestigatedthe tracking
problems associated with vsrious twes of optical.sights and radar fire-
control systems. Progressively, progrsms have been run with fixed, or
“iron” sights, disturbed recticle sights, such as the A-1, scope-
presentation fire-control systems - in particular, the Hughes E-4 fire-
control system, and currently, systems tith a tie-in to the aircraft
controls.

Unfortunately, flight measurements are not conducted under precisely
repeatable laboratory type conditions; hence, performance differences due
to system improvement tend to be obscured by changes in flight conditions
between runs. In order to achieve repeakble target runs consideration

—

was given to a device which would eliminate the use of an actual target
and substitute a programmed artificial target. Such a device would pro-
vide a means of programming identical target runs as often as required.
This would greatly facilitate comparative analysis of tracking performance
resulting from system or aircraft changes which might otherwise be
obscured by variations in attack geometry. In addition, the flight pro-

—

grsm could be considerably accelerated by the elimination of several.time-
consuming factors inherent in conventional.tracking methods. These fac- &

tors include: the excessive nuniberof runs and associated data reduction
necessary to produce and identify runs similsr enough to make comparative
studies; the accurate positioning of the fighter and target prior to an

.

actual run; the between-flight delqw involved in coordinating flights
with a target airplane. In the case d the scope-presentation-typefire-
control system, the additional delays associated with *’lock-on”problems
would be eliminated as welILas the very real danger of collision.

Since the Laboratory was prinw?ily interested in research conducted
during the final precise tracking portion of the over-all mission, it
was decided to simulate only that period titer the target had been sligned
in the sight, or “locked-on” in the case of the scope presentation systems.
The function of the simulator from that point on would be to establish a
test problem which would E&Low precise measurement of the test parameter
deviations while realistically duplicating a real target run. It would
be essential that the simulatm be air-borne in order to include all
stimuli to which the pilot normally responds; furthermore, as much of the
real sight or fire-control system as possible should be used.

The Laboratory~s first exploration in this direction was a simulator
for use with an optical gunsight, constructed and evaluated at Ames and
described in reference 1. As a logical continuation of the Ames tracking
research utilizing optical gunsights, the Laboratory proceeded to a study
of a radar-tracking, scope-presentation,fire-control system - more parti-
cularly, the E-k fire-control system in an F(!6-Dairplane. In view of the
encouraging experience with the original optical-gunsfght tmget simulator,
it appesred desirable to develop functionally similar equipment for use
with this more advanced type of fire-control system. The development of
this tsrget simulator for a scope-~esentati.onfire-control system end the
results of a brief series of flight tests are presented herein.
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antenna angle in azimuth, radians

normal acceleration, g~s

relative beming of attacker from bcmber path, radians

antenna angle in elevation,

relative rocket travel, yd

line of sight from attacker

target range, yd

*get range rate, yd/sec

radians

to t=get

time-to-go until impact, sec

interceptor velocity, yd/sec

taxget velocity, yd/sec

time, sec

target azimuth sagle relative to attacker flight path, radians

flight path angle, radians

bank angle, radians

angular velocity of

D azimuth

E elevation

R radar line of sight

smtenna, radians/see

Subscripts
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Superscripts
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t

tt

about

about

banked control-line axis

uribankedcontrol-line axis

Axes Systems

X,Y,Z interceptor wind axes

SIMUIATORDESIGN

Preliminary investigation of the target simulator concept produced
various possible designs capable of reproducing the attack phase. As an
example, one design would combine programmed ta?get kinematics with meas-
ured attacker kinematics as illustrated in figme 1. Indications were,
however, that a more 13mited type of simulator of much greater simplicity
would meet the requirement of a considerable part d? the Ames research.
As a result of this preliminary investigation a type of simulation which
uses precomputed relative kinematics was decided on.

To understand properly the tsrget simulator design, one should first
understand the basic principles of the Hughes E-4 fire-control system.
A simplified functional block diagrsm of the E-4 3s illustrated in
figure 2(a). For those not familiar with this particular system, addi-
tional information is contained in Appendix A and a cqlete description

.

is contained in reference 2. A func~ional block
system with target simulator components added is
figure 2(b).

Simulated Quantities

diagram showing the E-4
illustrated in

A target simulator must provide the functions normally supplied by the
self-tracking radar, that is, it must have provision for locking on the
simulated target in space; it must drive the antenna so as to keep it
pointed at the dmul.ated t=get in spite of own-ship motions; and it must
allow the computer and the pilot~s display to operate in the normal
fashion.

To provide these functions the target simulator must substitute
information normally supplied by the radar circuits. This information
basically consists of target range, line-of-sight angles, and

.....
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line-of-sight angukr rates. In the E-4 system this information is
obtained by the radar which samples the present target position and com-
psres it with the previous position so as to generate range and line-M-
sight direction error signals. The line-of-sight error signal is propor-
tional to the angular rate of the line of sight (line-of-sightrate) of
the target relative to the attacker, and is used as such, both as an input
to the data computer and as an input to the antenna drive system. Z5is
fact leads to a very convenient method for simulating a true target in
which programmed signals may be substituted for the normal inputs.

The computer processes the data from the rsdar according to definite
equations in order to present a steering signal to the pilot. If the
pilot flies with no tracking error, the aircraft flight path can be com-
puted for a given target maneuver and given initial conditions by using
the steering equations. From this computed flight path, the line-of-sight
rates and the target range can be calculated as a function of time during
the attack. These relative kinematics data are used as the target
simulator programmed input.

Line-of-Sight Rate Programming

The method of antenna positioning used by the E-4 utilizes two
single-degree-of-freedomintegrating gyro units (HIGU) mounted on the
antenna, perpendicular to each other and to the line of sight. These
gyro sxes sre fixed to the antenna which is gimball.edto the airframe;
hence, they wilJ assume some bank angle dependent both on aircraft roll
attitude and antenna position. The radar system is designed to supply
the line-of-sight error signals in components about these banked antenna
sxes. For the target simulator, it was not considered feasible to pre-
compute and program the line-of-sight rates directly in these banked
antenna coordinates because of the difficulty arising from the short-term
variations in bank @e during an attack. Although these variations do
not materially affect the flight path or the line-of-sight rates in
unbauked coordinates, they do seriously affect sny rates programmed in
banked antenna axes. As a result, it was necesssry to program the line-
of-sight rates in unbsmked sxes perpendicular to a known control line and
to process the data further to obtain the rates in banked antenna axes.

The method chosen utilized programmed rates about unbanked axes per-
pendicular to a reference control Mne as the basic input and transformed
these rates into banked antenna rates. The reference control line chosen
was the unbanked aircraft flight path center line. The line-of-sight
rates were first converted to rates about banked axes perpendicular to
the control line, amd then to rates about the banked antenna axes per-
pendicular to the line of
rates in the correct axes

sight. This last transformation placed the
for driving the antenna.
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A discussion of the axes-transformation
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eqpations and the computer

.

“

which was mechanized to perform the tremsfomation is
Appendix B.

Rsmge and Range-Rate Elrogmmning

The range information was stored in a programer
the system simultaneously with the ltne-of-sight rate

included in

and supplied to
information. For

convenience, the calculated range-rate was al=o programmed. Normally,
the system generates range-rate information by differentiating the range
signal. This procedure, however, tends to magnify any noise on the input
signals; consequently, the range programing would have to be extremely
smooth to produce a reasonably clear range-rate signal.. In practice It
was found easier ‘toprogram the range-rate signal.

The details of program layout, both in range and line-of-sight rates,
ere covered in Appendix C.

—
*

Noise Simulation .

One difference between real and synthetic line-of-sight rate signals
is the lack of noise due to the target scintillation and other causes
normally contributed by the radar. Since the programmed line-of-sight
rate signals contained no noise, the introduction of ewtificial noise
into the steering signals was necessary.

CONW!IUCTIONAND INSTALLATION

Simulator Components

Aside from instrumentation, the target simulator equipment consisted
of three separately packaged units. These were the programmer, the axes-
transformation computer, and the noise generator.

The programmer supplied azimuth line-of-sight rate, elevation line-
of-si.ghtrate, range and range-rate signals to the E-4 system bymeti-
of motor driven cams (fig. 3). The axes transformation computer trans-
formed the line-of-sight rate signals fra rates about the unbanked
control line axes to rates about banked antenna sxes (fig. 4).

The noise generator produced signals ~th @n amplitude and frequency --
spectrum similar to the steering dot noise from a real tsrget, at the

—

sane point in the system. Different noise signals were supplied to the
.-

.,

w
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horizontal and vertical steering dot cmponents in order to prevent any
correlation between the horizontal.smd vertical dot motion. The equiy-
ment consists of a constant-speed rotor which drives an endless belt of
film past two slots, behind each of which is a special long-filament bulb
(fig. 5). On the film is a psrtially blacked record which, when driven
at the correct speed, produces a signal corresponding to the desired noise
spectrum. The film varies the light to a photo tube which produces the
desired noise signal.

Simulator Signal Flow

The signal flow of the programmed quantities may be fo~owedby
reference to figure 6. The four signals ~“, ~“, R, and R we gener-
ated in the progrmmner. The two rate signals ~“ and ~“ pass from the
progrsnznerthrough the axes transformation ccmrputerto the regular E-4
system gyro-torque generators. The range signal R is introt$ucedat the
input of the
duced at the
operation is

rsnge servo and the time servo; the range-rate R is intro-
range-rate smplifier output. Frm these points on, the
the same as for real targets.

Aircrsft Installation”

Major components of the tsrget simulator were installed in the nose
hatch cover of the test aircraft (fig. 7). This location served the dual
function of providing accessible mounting in an otherwise crowded airplane
and allowed removal of the complete simulator equipment for servicing in
the laboratory. Furthermore, the aircraft could be flown for other tests
during servicing periods by using a spare nose hatch cover.

Tie-ins to the E-4 circuits were primerily made by the use of “tee-
type” cables which avoided cutting into the original E-4 system cables.
All of the connections to the
simulator in such a manner as
operation to tsrget simulator
cockpit controls are shown in

—..

E-4 were controlled by relays in the target
to allow the pilot to switch from normal E-4
operation at will. The taxget simulator
figure 8.

NETRUMENTATCON

The instrumentation used was of three different types: cockpit
indicators, recorded functions, and a telemetered scope display.

Two cocmit indicators presented readings &portional to the steer-
ing dot errors integrated over the last 10 seconds of each run. These
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readings were generated
these rectified signals
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by rectifying each steering dot signal and using
to drive precise integrating motors during the

integration period. Sepsrate indicators were used for the elevation and
azimuth channels (fig. 8). Another cockpit indicator presented the time
required, from the program stsrt, for the pilot to bring the steering dot
inside the reference circle.

A cockpit cemera was used to make 16 mm moving picture records of
the pilotts scope display during the simulated attacks.

A small D-channel recording oscill.ographwas used to record
quantities of interest. Figure 9 illustrates ssruplesof the records.
The actual records were made on color film to aid trace identification.

A telemeter installation was used to allow simultaneous ground view-
ing of the pilot~s scope during the attack runs, and proved to be quite
useful.in the simulator development. The relatively small number of air-
borne components required to transmit the scope signals made for a simple
installation, since a standerd FM/FM telemeter receiving station was
available.

The nature of the attack display of the E-4 is such that the various
signals to produce the steering dot, artificial horizon, reference circle,
time-to-go, etc., are commutated in the system by a series of relays so
as to present the individual pieces of information to the pilot~s cathode-
ray tube scope in a time sequence. The pilot actually sees all the infer- -
-tion simultaneouslybecause of scope and eye persistence. Thus, many
signal sources are commutated into only the three separate signals neces-
sary to operate the attack gun of the display scope: vertical deflection,
horizontal.deflection, and intensity. This circumstance greatly simplifies
the telemetering problem. Rather than telemeter the many individual com-
puter signsls and comnutate at the ground station, in order to reproduce
the pilot~s scope pattern, it is only necessery to transmit these three
signals. After demodulation at the ~ound station, the signals ere
supplied to the horizontal, vertical, and intensity inputs of the ground
observers scope to reproduce the same attack display the pilot is viewing.
In addition to simplifying the equipment, the use of the three commutated
signals insures that the vsrious display items till appear in the proper
relation to each other, the prime requirement in interpreting and using
the ground scope. The ground display equipment is illustrated in
figure 10.

FLIGE!TTESTS

Flight Test Objectives

.

The equipment was installed in an Air Force
purpose of flight tests which were directed more

F86-D airplane for the
toward qualitative

.

.
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evaluation than
of quantitative
later (ref. 1),
are compared to

toward extensive qusmtitative documentation. The method
evaluation used previously for the optical target simu-
in which results of attacks against the simulated target
similar attacks against an ,actual.target, was not con-

sidered warranted in the present case, prharily because of the time and
effort involved in making the required numerous and carefully controlled
attacks against an actual target. In general.,the development program
depended heavily on pilot opinion to point out deficiencies. The instru-
ment records were utilized to understand the difficulties and devise
corrective changes. Concurrent programs on other aircraft utilizing the
E-4 system provided the pilots with experience w~ch made them cognizant
of details such as noise, steering dot dispersion, and system response.
!Ihiscircumstance greatly enhanced the value of the pilotts opinions
regarding the performance of the simulator as compared to operations
against real targets.

The pilot could select any of three different attacks incorporated
in the pro~a?uner. Ee also had the choice of programing the runs to
the right or to the left, with or without noise. Althou@ noiseless runs
are unrealistic and of questionable value in pilot training, they are of
use in certain types of research.

A typical run consisted of the following steps. The pilot, by means
of the hand control, directed the antenna toward the target initial posi-
tion and then released the action stitch, whereupon the system switched
to the locked-on automatic tracking condition. From this point on, the
pilot completed the attack in the normal fashion.

TWO basic
transformation
priate antenna
the programed
correct flight

Incorrect

Shnulator EWsJ.uation

simulator operations checked in flight were the proper
of the space progrsmned line-of-sight rates into appro-
coordinate line-of-sight rates, and proper correlation of
line-of-sight rates, range, and range rate to pr~uce the
path.

~ rate tr_SfOrMatiOn resulted in the progrsmned
azimuth rate affecting the elevation rate and, consequently, the altitude
as illustrated in figure 11. Incorrect correlation of programed quan-
tities resulted in a curved flight path, as illustrated in figure 12,
instead of the precomputed straight flight path. These problem were
satisfactorily resolved during the flight program.
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During the flight tests, the Laboratory received valusble assistance
from the Interceptor Pilot Research Laboratory at Tyndall Air Force Base.
On two occasions, once nesr the start of the flight tests and once near
the completion, the IPR Laboratory sent experienced E-4 pilots to make a
preliminary flight evaluation of this equipment with regard to potential.
usefulness as an aid to interceptor pilot training. The comnents of these
visiting pilots were highly regsrded and proved to be of considerable
assistance in the development progrsm.

DISCUSSION

Pilots and engineering personnel considered the simulation of the
attack phase to be quite realistic once the shakedown flights had been
completed. The simulator had several characteristics desirable for
research and training: Many runs could be duplicated in a relatively
brief period of time; specific types af attacks could be easily programmed;
studies could be tie of the effects of noise, or the lack of noise in
tracking performance; target aircraft could be eliminated, resulting in
savings of resesrch pilot and aircraft time and eliminating the ever
present possibility of collision.

The ability to repeat selected attack conditions quickly and accu-
rately is of particular value in comparative studies. Such studies
include comparison of the effects M aerodynamic changes, optimum attack
display studies, pilot training

Relative Kinematic

and evaluation.

Programing Considerations

Although the type of programming used for this simulator was satis-
factory for conducting certain research on the attack phase of the fire-
control problem, it may have certain limitations in other uses. These
limitations intrcduce problems which may be of interest to others con-
cerned witk different phases of the interceptor task. The problems
include those connected with flight path deviations, target acquisition
procedure, and programing layout.

Flight-path deviations.- Rroblems associated with deviations from
the precomputed flight path =ise because the relative line-of-sight
rates and ranges me computed from a predicted attacker flight path and
the pilot must fly this same flight path if
exactly as precomputed.

the attack pattern is to be

.—

“
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Short term variations arise from the pilotts

precisely enough to keep the dot exactly centered
inability to track
and from changes in

steering-cAds due to radsr system noise. These variations ;ause only
minor deviations from the precomputed flight path because they tend to
fluctuate in all directions, canceling their own effects on the mean
flight path. Furthermore, it should be noted that while these short term
oscillations may cause changes in aircrsft attitude, the corresponding
changes in the velocity vector, or flight path direction, are relatively
small. Since the system is space-stabilized, the attitude variations are
not important; it is only the considerably smsX1.erflight-path variations
that affect simulation accuracy.

Long term flight path deviations would sise if the pilot chose to
fly some path other than that called for by the steering dot. Since, in
tracking research, the pilots were instructed to fly the comnanded steer-
ing signal course, these large deviations did not srise. They could be
of considerable importance, however, in pilot training where tactical
considerations may cause the pilot to deviate fran the computed course.

Target acquisition.- For resesrch tracking studies, it is not neces-
saxy to have the &get acquisition phase incorporated in the simulator.
Nevertheless, the method used for initiating a simulated attack was quite
similar to standsrd E-4 procedure except that lock-on was always achieved,
range gate manipulation was not required, and initial targcetangle was
specified to correspond to a particular program. In practice, it was
found advantageous to allow the pilot certain freedom in setting the
initial target angle since the system made the necesssry adjustments to
the initial turn as it would have with a real tsrget. This fealame
resulted in increasing the variety of attack patterns.

Wogrsm layout.- The difficulties associated with progrsm layout
arose from line-of-sight rate scale factors and minor terms in the eleva-
tion steering equations. The scsle factor problem arose because of the
large ratio between programmed line-of-sight rates at the firing point
and the rates during the early portion of the attack. This ratio may be
100 to 1 or greater. Since the sine of the azimuth steering angle called
for is directly proportional to the azimuth line-et-sight rate, a
10-percent angle accuracy at the extremely low rates might require
0.1 percentaccuracy of progammed full scale rates. This problem was
overcome by using two rate cams having mechanical scale factors which
differed by a ratio of 10 to 1. At an appropriate point during the run
the program was switched from one cam to the other and, simultaneously,
a change of electrical scale factor was made to offset precisely the
change of mechanical scale factor.

The problems in elevation line-of-sight rate programing were
primarily due to the minor terms associated with the rocket trajectory.
Another factor which restricted elevation rate programming was that the
sxes transformation ccmputer was limited because CR an assumption made
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in deriving the equations (Appendix B). As a
tions, all of the flight tests were made with
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*

result of these considera-
progrsmmed zero vertical .

motion. It was realized that this did not precisely represent the actual
case, even against a nonmaneuvering target, because of certain minor terms
in the elevation-steering equations. In view..ofthe possibility of diffi-
culties in correctly programming elevation ra~s, it was thought easier
to program zero elevation rate and take cue of the minor terms by other
methods.

Restrictions To System Ev&luation

Although the simulator could be used in testing certsdn aspects of
the fire-control system itse~ (e.g., attack data presentation methods),
caution must be exercised In this type of application. The simulator
does not use the complete fire-control system; furthermore, such things
as noise sre artificially introduced near the output of the system.
Changes within the system, such as filter time constants, would not be
properly indicated by corresponding changes in steering dot noise.

#
.

Another, and possibly more serious, limitation results from the fact
that the outer kinematic loop, which includes the attacker, target, and
connecting radar radio-frequency link, is eliminated. Normal.radsx system
operation provides a feedback of information from this loop, whereas with
the target simulator this particular information is lacking. To visualize
the effect consider a case where a sudden pitching of the attacker is
partially conveyed to the antenna. The antenna stabilization system will.
attempt to prevent the antenna from following the aircraft motion; however,
it may momentarily fail to do so because of limited dynamic response.
During this pericd when the antenna is not maintaining perfect stability
the effects are quite different between the real and simulated target
cases. In the real target case, the beam is displaced from the target;
consequently, the radar feeds itiormation back to the system, indicating
this displacement. Such is not the case with a simulated *get since
the radio-frequency link is not used. Normally this difference is of
little consequence; however, under certain circumstances with a real
tsrget, the combination of this outer loop and other system loops can
cause an unstable condition resulting in loss of lock-on. It is apparent
that for studies concerned with such questions of stability, this target
simulator would fail to produce the necessary conditions.

—

CONCLUDING REMARKS

An air-borne target simulator offers many desirable features for
tracking research and pilot training without eliminating the sensory
inputs to which the pilot responds.

*

.
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The flight progrsm demonstrated that a simple type of target
simulator using pro~ammed relative kinematics information is capable
of producing qtite realistic attacks. This conclusion is substantiated
primarily by pilot opinion. The limited amount of instrument data
obtained verifies this opinion although no detailed quantitative
comparison with actual target runs was attempted.

The simulator prcd.ucesstandsrd repeatable attack patterns for com-
parison studies of the effects of changes in aircraft or fire-control
system display parameters. It also eliminates the tsrget airplane tith
its time consuming operational problems, lock-on difficulties, and
collision danger.

@ same advsmtages also appear important for other applications,
such as pilot %rafning and evaluation. Particularly desirable features
for this use sre the ability to produce many attacks during a brief
flight, score the tracking ”performance,and avoid collision dangers.
Furthermore, the simplicity allows installation without interfering with
the normal system so that the pilot can freely switch from real.target
operation to simulated tsrget operation during flight.

The pro~ammed relative kinematics type of simulator is satisfactory
for certain tracking resesrch but the method has
important as more aspects of the

Ames Aeronautical Laboratory
National Advisory Comnittee

Moffett Field, Calif.,

complete attack

for Aeronautics
Msx. 19, 1957

limitations which become
sre incorporated.
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THE E-4 FIRE-CONTROL SYS!IEMOPERATION

Examination of a simpl~ied functional ~lock diagram
fire-control system (fig. 2(a)) discloses that the system

of the E-4
consists of

five rather distinct functional groups. A brief description of these
groups is given below for those not fenilisr with the E-4 system.

The first group, the rsdar, consists of the radio frequency portion
which includes, mong other things, the transmitter, receiver, and timing
Ckrcuits. It is used to detect the target, locate its direction, and
determine its range. A further function of this group is’to detect
changes in the position of the target and supply a corrective signal to
the drive circuits so as to keep the antenna pointed at the target.

The second group, the antenna drive and space-stabilization circuits,
serves a twofold purpose. First, it provides a means of stabilizing the
antenna against own-ship motions, and secondly, when proper radar track-
ing error signals are introduced, it provides a means of precisely turning
the antenna at the rates necess~ to keep it pointed at the tsrget.

The method of stabilizing and driting the antenna by the use of two
single-degree-of-freedom,hermetically scale-d,integrating rate-gyros
(EIGU) is adequately covered in references 2 and 3. Briefly, the system
operation is as follows. The two integrating gyro units are rigidly fixed
to the antenna with their input axes psrellel to the antenna elevation
and deflection sxes, respectively. The ~GU integrates the difference
between the true rate of antenna rotation, sensed from the gyro preces-
sional torque, and the desired rate of rotation, represented by an
externally applied torque signal.. When the -appliedtorque signal is zero,
any disturbance tending to cause rotation of the antenna is sensed by the
HIGU. The ~GU output signal is fed through an amplifier to a motor which
drives the antenna at the correct angular velocity with respect to the
airplane to cause zero antenna rotation in space. Thus the antenna pro-
vides a stabilized reference axis. When a torque signal is applied to
the HIGU, the resulting output signal causes the drive motor to rotate
the smtenna at an angular velocity in space sufficient to produce pre-
cessional torque to balance the applied torque exactly, resulting in an

.-

angular velocity proportional to the applied signal. In normal E-4 opera- ‘
tion the radar tracking error signal generates the necessary signal to
drive the antenna, whereas, in the target simulator, the necessary rates
are obtained by programming the applied torque signals. The integrating
feature of the HIGU assures that the antenna will rotate through an angle
equal to the time integral of the desired rate, regardless of dynsmic lags
in the system. *-

e
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The third group, the data computer, uses the information from the
previously described groups to compute steering information for the pilot.
It uses the range information and the line-d-sight rates from the radar
information unit, together with angle resolvers on the antenna, to compute
steering information for the pilotts display.

The fourth group, the pilotts scope display, gathers the results of
the computer and presents the data in a form suitable for the pflot~s
guidance. In addition to steering dot, range, rsnge-rate, snd time-to-go
information, it presents an artificial horizon and an indication of the
targetts relative bearing in azimuth.

The fifth group, the firing group, processes ballistics data and
information from the data computer to operate the rocket firing mechism
and give the collision pull-out signal..
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APPENDIX B

TARGET SIMIJIATORDESIGN

Relative Kinematic Programming

NACA RM A57C!19

The target simulator operated on the basis of prograrmnedprecomputed
relative kinematic data in the form of azimuth line-of-sight rate, eleva-
tion line-of-sight rate, range, and range rate of the simulated target,

—

all relative to the attackers assumed control line reference. This con-
trol line reference corresponded to the predicted attacker flight path
center line. Since the E-1+system required the line-of-sight rate signals
to be supplied in components about the banked antenna axes, a transforma-
tion had to be made from unbanked airplane or control line sxes to banked
antenna axes.

—
—

The simplest method of transferring the programmed line-of-sight
rates to the proper sxes would have been to make a direct axes transforma-

$

tion by passing the signals through a resolver, set to the correct angle
by a roll gyro mounted on the antenna. This method was used on the ‘“
optical target simulator described in reference 1.

.
In the case of the

E-4 system, no rolJ.~o could be found which was small.enough to be
mounted on the antenna and yet cause no interference with normal radsr
operation and antenna stabilization. Accordingly, an alternate method
using an axes transformation computer was devised. —

Equations, which are developed below, showed that the axes trans-
formation could be made with a relatively simple computer. While the
transformation is not precisely correct, the error is small under the
conditions used.

T!mxmformation Equations

The equations developed below are for the purpose of converting
programmed line-of-sight rates in axes perpendicular to an unbanked
control line to rates about banked antenna axes. The transformation
best considered in two parts; first, from rates about the unbanked control
line axes to rates about the banked control line axes; and secondly, from
these resultant rates about the banked control line to rates about the
banked antenna axes. This procedure maybe visualizedby considering the
aircraft to be initially flying a straight ad level course with the
antenna pointed straight ahead so that the R, E, and D axes of the
antenna coincide with the X,Y,Z axes of the aircraft. In the first
step the aircraft is banked about the X s+is (coincidentwith the *

initial position of the R axis) through the angle q. The second step

.
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.
consists of turning the antenna about its azimuth sxis through the
angle A and then about its elevation sxis through the angle E until
the R sxis of the antenna points slong the line of sight to the tsrget.
Note that the X sxis of the aircrsft has been assumed to coincide with
the control line.

For the purpose of developing the transformation, the following sub-
subscripts sre added to conform to the set of axes under consideration;
for exsmple, the first step goes frcm axes R1,E1,D1 to sxes %,Ez-,Dz.

The programed unbanked rates are illustrated by the following
sketch.

‘Rl

Axes set No. 1

First bank the =is ab~t %. by roll angle q to obtain banked control
line rates %2 and %2.

where

sin Cp

sin (p

(Bl)

(B2)
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This completes the first pert cd’the transformation. The second
pat will be concerned with converting the banked control line rates
~= and ~z into banked smtenna axes.

Move the antenna in azimuth through angle A as follows,

Axes set No. 3

where

Then move the antenna in elevation through angle E.

‘E3
‘E4

Axes set No. 4

(B3)

(B4)

.

.
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where

For the progrsms
equation (B5):

19

%. =~2cos~+~sinE (B6)

,contemplated,it was assumed that %4 = O. Then from

and from equtions (B6) and (B7):

%4 =~2cos E+

Also from sxes set No.

%4

sin E

(B7)

( )cos2E+sin%
%2 cos E ‘in E = %=

.— ..-!& (B8)
cos E

4 and

= %3

From equations (B3) ad (B7)

~= Cos A

equation (B4)

= %2 Cos A

(2
~ sin E

)%3== COSECOSA -

Frcm equations (B9) and (Bll)

- WI sin A

- ~z sin A

%4 = %2

= %2

(
LL& sinE

)

sin A
cos A - sin A cos E COS A ‘%2 COSA

(
cos~p2A) - ~2~~; :::)

(B9)

(B1O)

(Bll)

(B12)
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From equations

%4 =

Equations
banlsedcontrol

NACA RM A57C19

(B12)* (B8) ‘

%, sin A sin E . %, - %4 sin A sin E

cos A - %4 Cos A cos A (B13)

(B8) and (B13) give the bsmked antenna rates in terms of
line rates:

If for convenience we

b“ = %1

%“ = %E1

%’ = %2

YE’ = %,

%=%4

%=%4

%, - %4 sin A sin E

%4 = cos A

(B8)

(1313)

substitute alternate symbols as follows:

.

the following definitions result:

%“ =

%“ =

%’ =

w’ =

%=

xl?!=

programmed azimuth rate about unbanked control line axes

programmed elevation rate about unbanked control line axes

azimuth rate,about banked control line axes

elevation rate about banked control line axes

azimuth rate about baaked antenna axes

elevation rate about banked antenna axes

Thus the computer is reqyired to perform the functions illustrated in
ffgure 13.

‘c-
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It may be noted that the transformation equations are based on rates
about an assumed control line. In practice, the antenna A and E angles
sre measured from the airplane center line; hence, the transformations
will be sffected if the aircraft deviates from the chosen control line.
Nevertheless, the transformation performs the essential function of con-
verting the rates to bsnked antenna axes and any resultant inaccuracies
were accepted as part of the price of s5m@.icity.

Mechanization of Axes !l?rsnsformationComputer

The axes-transformation computer operates as indicatedby figure 13.
The two programed rate signals L@” and ~“ are supplied by the cam-

driven linear trsm3formrs. These siz pass through a roll resolver,
mounted on a gyro measuring airplane bank angle, which transforms them
from unbanked to banked axes rates ~’and~’. The signals then pass
through feedback simplifierswhich have resolvers in the feedback loop,
thus dividing the rate signals by the cosine of the resolver angle. The
output of the axes transformation computer consists of two voltages which
sre proportional to the desired rates in terms of banked antenna axes.
These voltages are supplied to the E-4 torque-current smplifier, as shown
in figure 6, to prduce a torque in each of the HIGU gyros. This causes
the antenna to be driven at the desired rate.
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APFENDIX C

NAC!ARMA57C19

PROGRAM LAYOUT AND ASSOCIATED EQUATIONS

Fundamental Attack Courses

To compute a simulated attack program properly for a system such as
the E-4, it is essential that the pro,grambe constructed on the basis of
the flight geometry used in the associated fire-control system coqputer.
To orient the reader, it might be well to review briefly four variations
of attack courses commonly used in air-to-air cmnbat. These are the
pursuit course, the lead pursuit course, the collision course, and the
lead-collision course.

The pursuit course is one in which the pilot flies directly at the
target at all times; consequently, no provision is made for leading the
target to allow for srmament travel time.

The lead pursuit is a modified pursuit course in which the attacker
flies with a lead angle, that is, flies towerd a point some distance
ahead of the tsrget. A proper lead angle a120ws the armament to be fired
at any point during the attack, once within mmament range. This attack
course is used for armament requiring long firing tzbnes,such as machine
-*

In a collision course, figure 14, the attacker flies toward a point
where the target and attacker will arrive at the same time. If the target
path and speed do not change and the attacker speed is constant, the
attacker path is a straight line towsrd a fixed collision point; further-
more, the besrlng of the target relative to the attacker is a constant
angle.

The lead-collision course, figure 15, stichas used in the Hughes E-4
fire-control system, is a straight line course having a fixed lead angle
from the straight collision course. This type of course reqpires the
attacker to be in position at only one instant - that at which the
arms.mentis fired.

Basic E-4 Steering Equations

Since the E-4 system is based on the lesii-collisioncourse, an
understanding of the steering equations associated with this type of
course is essential.to an understanding of the programing details.

—

References 2 and 4 give a detailed explanation, from which the following
pertinent information has been extracted.

n

.
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An examination of figures 16(a) and 16(b) discloses the attack
pattern, in space coordinates, under conditions of a hit and a miss. In
T seconds the target and attacker travel VBT yards and VAT ysrds
slong their respective courses. The rockets, when fired, travel at a
velocity VR which is greater than VA; therefore, titer t seconds the
rocket travel will be VRt and the attacker travel will be VAt. The
difference in distance titer t seconds is the relative rocket travel,
a fixed distance for a fixed firing time t, and may be considered as a
pole F yards long projecting ahead of the attacker. The problem, then,
is to fly the end of this F pole into the tsrget.

Since the radar makes its measurements relative to the attacker, the
flight geometry is based on target and rocket motion relative to the
attacker. Consider the two-dimensional case, figure 17, where all the
quantities me measured relative to the attacker. The “miss” may be
resolved into two components. One along the line of sight (Mm) ~d one
perpendic~~ ~ the line of si@t (Mhorz)o ~o steeriw equations me
obtained by equating these miss components to zero.

Examination of figure 17 shows
line of sight canbe re~resented by

that the miss
the following

-F cOS(-A)

component slong the
ecy.mtion:

Signs are chosen to
(Note that range is

match convention used in the E-4 technical order.
decreasing, making & negative.) For zero miss:

R+fiT-F COS(-A) =0

This is the time equation solved by the ccnqputer,and on the basis
of
to
is

or

this T, the attacker must change course to reduce the horizontal miss
zero. Further
defined by the

examination of figure 17 shows that the horizontal miss
following equation:

‘horz = %T - Fsin(-A)

for zero miss (horz)

R~T - Fsin(-A) = O
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Extension of the equations to cover the three-dimensional case, based
on the geometry of figure 18 from reference 2, results in somewhat modi- .

fied equations as follows:

Horizontal.steering

Elevation steering,

—

R+* -F COSACOSE=O

R~+fsinA =0

which is ccm@icated by the rocket ballistics, may
be written in a simplified form as follows:

R% +; cos A sinE +$ (ballistics terms) = O

Progrsm Computation

The program used for the Ames E-4 target simulator was computed by
starting with the point of impact and working backward in time; in eddi-
tion, it was assumed that the target flew a strai ht path. Attacker
approaches were calculated from 120°, 5900, ~ 60 angles with respect
to the bomber path. This gave the three runs illustrated by figure 19. .

The attacker was given a 5-percent speed advantage, with the attacker
velocity taken to be 271 yards per second and the target velocity set at
258 yards per second. These conditions correspond to a Mach number of 0.8
at 25,000 feet altitude for the attacker.

—

Rrowam layout to 20 seconds or 5000 yards.- The bomber flight path
was laid out to scale by plotting the position points backward from the
impact point, allowing 258 yards for each second of run.

Because of the relative rocket travel distance, “F” being 500 yards,
the initial.point (at time-to-go, T equal to zero) of the attacker flight
path was plotted 500 yards from the point of impact, at the assumed bear-
ing. From this po~t back to T equal to 20 seconds or to where the
range equaled 5000 ysrda, whichever occurred first, the same procedme”-
was used for the attacker flight path as was used for the target, with
the exception of allowing 271 yards traveled per second for attacker
velocity. The procedure used past the mentioned T and range limits
will be discussed later. 8

The resultant tsrget and attacker flight path plot, in space coordi-
nates, was used to determin and angle, A, at each second .
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of’time-to-go. From these measured quantities, the angular line-of-sight
rate, ~, and the range-rate, A, were computed by use of the time-to-go
smd the horizontal steering equations.

Equations used for conditions past 20 seconds or 5000 yards.- As a
result of E-4 mechanization limitations, a new relationship exists between
the attacker-target flight geometry and-the computer equations for T
~eater than 20 seconds and range greater than 5000 yards. This new
relationship may be developed frc?nfigure 20 by setting up equations based
on both the flight path geometry and the computer equations using the
limited quantities.

The angle -A shown in figure 20(a) is the line-of-sight angle with
respect to attacker longitudinal axis. It was not used in connection tith
the calculation of the progrsm for ‘T less than 20 seconds and R less
than 5000 yards but must be considered for calculation of the flight path
for T greater than 20 seconds and R greater than 5C00 ysrds. The
value of range used by the E-4 computer servo is designated by Rseno;
it cannot exceed 5000 yards. The actual range is designated by Ract~.
For Ract@ less than 5000, ~eno equ~ ~ctti> and for Ractu~
greater than 5000, Rservo equals 5000. Similarly, the symbol ~~ is
used to designate the value of time-to-go used by the E-4 computer; it
cannot exceed 20 seconds. For T less than 20, ~~ eqtis T, and for
T greater than 20, ~ti equals 20. From the geometry of figure 20(a]:

Ractu~ ~T =F Sfi(-A) (cl)

However, the computer uses the values RseNo and T~ in processing
this equation; consequently,

‘servo %%im = F ‘in(-A)

Also, from figure 20(b)

~.

where

VB target velocity

VA interceptor velocity

VBSin B-VA sin(-A)

%Ctual

(C!2)

(C3)

B relative beming of attacker from bomber path
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The radsr measures this actual rate, so the I&t- term is used. Now
substituting equation (C3) into equation (C2):

R
r

B sinB-VA sin(-A)
servo Ra.ctLlal 1Tlti =F sin(-A)

and solving for sin(-A):

VB sinB
sin(-A) =

‘A ‘&(e)

(C4)

(C5)

This equation is always satisfied by the E-4 computer and the flight
geometry. It could have been used in computing the attacker path for the
unlimited case (R=eno = Ractwl and l?lim= T) but, historically, the
g?aphical procedure previously discussed was developed earlier and was
used for many esmly calculations that were not csrried beyond the computer
limits of R and T. When the calculation of the limited case was finally
faced, it was not deemed necessary to recompute the unlimited part of the
path merely for the sake of consistency. Eqpation (C5) must be used when
plotting the attacker path beyond the limit of either the time or range
servos.

.

.

Discussion of limited case calculations.- The calculations for the
conditions where T was less than 20 seconds and R was less than
5000 yards, were made point by point stsrting with point O, figure 19,
where T = Oand R=F. As these calculations were tie for succeeding
points, both R and T increased until at some point (number n, fig. 21)
the above limitations were approached so closely that upon calculating the
conditions at point n + 1, it was found that either Rn+l was greater
tk 5000 or Tn+= was greater than 20. It was then necessary to go
back to the conditions at point n and use equation (C5) to arrive at
point n + 1. During the pert of the run that the unlimited conditions
existed, the attacker path was a straight line; therefore, the flight

—

path angle, X, was the same for each point. For the limited part of the
path, the attacker path is no longer a straight line and the angle A
will.change from point.to point. However, this chsmge will be small and
the n + 1 point c% be calculated by assuming that ~+1 = & and then

c~cfiating ~+1~ ~+1~ md ~n+= by straight trigonometry. ~ese

values can then be used to find what ~+z should have been. Call this
quantity Atn+l. This modified value, Atn+l, waa not used in connection .

with point n + 1 since, as pointed out, the change is slight; however,
it was -ed to compute poi The assumption can then be made that

.
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the calculated value of A’n+l is the S= as &~ ad the Process

discussed above canbe repeated to calculate point n + 2. The above
procedure is repeated until the desired number of positions we obtained.
It maY be of interest to note that no scale plot of the run is needed for
the limited servo case procedure; however, such a plot is useful for
checking purposes.

At the very begiming of each run, a h-second, straight portion,
followed by a 3° per second turn for 5 seconds was injected into the
program for realistic effects. This was accomplished, when working
backwards, byvsrying A 3° per second for 5 seconds and then keeping
it constant for the next 4 seconds.
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Figure 7.- Tsrget aimulat~ equipment hIstaILed in nose hatch cover of test airplane. A-20398. 2
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Figure 10.- Telemeter ground station showing ground display scope.
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Figure 21.- Space geometry of attack at time n and n+l showing flight-
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